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Abstract 
Heavy section Gas Metal Arc Welding (GMAW) usually requires special edge preparation and several passes. One alternative for 
increased performance is Laser Arc Hybrid Welding (LAHW). For very thick sheets however, imperfections like root drops or 
solidification cracks can occur. In this study, other techniques are also studied, including multi-pass filling of deep gaps with wire 
deposition. A laser is then used to melt the filler and base material. The hot- and cold wire laser welding processes are highly 
sensitive to wire-laser positioning, where controlled melting of the wire is essential. Apart from a comprehensive literature survey, 
preliminary experiments were also performed in order to find a novel method variant that can successfully fill deep and wide gaps. 
The method applied uses a defocused laser that generates the melt pool. A resistance heated wire is fed into the melt pool front in 
a leading position. This is similar to additive manufacturing techniques such as laser direct metal deposition with wire. A layer 
height of several millimeters can be achieved and rather low laser power can be chosen. The preliminary experiments were observed 
using high speed imaging and briefly evaluated by visual examination of the resulting beads. Using a defocused laser beam turned 
out to have two major advantages; 1. It adds heat to the melt pool in a manner that properly fuses the bottom and walls of the base 
material. 2. It counteracts difficulties due to an irregularly oscillating filler wire. These early results show that this can be a 
promising technique for joining thick steels with wide gaps. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Lappeenranta University of Technology (LUT). 
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1. Introduction 
This literature study aims to illuminate aspects of different laser based material adding processes for joining thick 
metal sheets, with gaps wider and possibly deeper than what is possible with autogenous LBW. The processes included 
in this study includes Laser-Arc Hybrid Welding (LAHW), described by Engström et al. (2001), wire and powder 
based Laser Material Deposition (LMD), Medrano et al. (2008) and Santos et al. (2006), Hot-Wire Laser Welding 
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(HWLW), Liu et al. (2014) and Y. Yu et al. (2013), and Cold-Wire Laser Welding (CWLW), Sun and Salminen 
(1997), Sun and Kuo (1999) and X. Zhang et al. (2011). 
Autogenous Laser Beam Welding (LBW), Klein et al. (1999), is an important industrial manufacturing tool that 
allows for a number of advantageous benefits, including; high welding speeds, narrow heat affected zones, low line 
energy and less distortions, according to Khan et al. (2013). Commonly, it has high enough power density to form a 
keyhole, used for deep penetration welding, Hann et al. (2011) and Matsunawa et al. (1998). The Gas Metal Arc 
Welding (GMAW) process can also weld deep joints, but due to lower possible penetration depth, wide joint 
preparations and several weld passes are needed, Karadeniz et al. (2007). The LBW process does however have its 
own limitations, such as poor gap bridging capabilities, according to Ohnishi et al. (2013). The maximum welding 
depth of LBW is also limited due to the increasingly higher power needed for deeper penetration, Hann et al. (2011) 
and Jaehun Kim and Ki (2014). For very thick sheet welding, imperfections such as root hang can occur. Gap bridging 
is important in thick sheet welding since material is usually needed to properly fill the joint. Gap preparation can be 
used to reduce these limitations to some degree, but having the downside of increasing manufacturing costs. 
In addition to the literature survey, a preliminary evaluation of a novel hot-wire laser welding method is also 
presented. This method utilizes a defocused 1 μm wavelength laser and a resistance heated filler wire. The aim of this 
process is to facilitate filling of very deep gaps with very small amounts of distortion and beneficial morphology. 
Nomenclature 
LBW Laser Beam Welding 
GMAW Gas Metal Arc Welding 
LAHW Laser-Arc Hybrid Welding 
LMD Laser Material Deposition 
CWLW Cold-Wire Laser Welding 
HWLW Hot-Wire Laser Welding 
LSF Laser Solid Forming 
DMD Direct Metal Deposition 
HSI High Speed Imaging 
 
2. Literature study 
2.1. Laser-arc hybrid welding 
One alternative to LBW and GMAW is to combine the two processes, utilizing the LAHW process. Compared to 
LBW, LAHW allows a number of advantages, including; better gap bridging (up to 1mm), improved weld geometry 
and material deposition to achieve desired properties of the welded sheets, Qi and Liu (2011), but this comes with the 
cost of higher process complexity, Suga et al. (2013).  LAHW can utilize various laser sources and optics while the 
arc can be used in different modes, researched by Frostevarg et al. (2014) and Li et al. (2014). The process is also 
more complex, combining parameter settings from both parent processes. Figure 1a shows a sketch of LAHW with 
setup designations, including the important angles of the different heat sources and the important process separation. 
LAHW can also be used in different settings, e.g. having either the laser or arc in leading position. Other settings 
include the addition of another arc source in order to be able to add even more material to the welded joint, Kah 
(2012). The reason for having different setups is to improving weld qualities to suppress imperfections or weld faster, 
Gu et al. (2013).  
Imperfections occurring in thick sheet welding, such as root dropout formation, can however still not be fully 
suppressed for single pass welding while having full penetration when the joint is too deep, Powell et al. (2015). 
Thicker sheets are therefore usually multi-pass welded, often from both the top and root side and not having full 
penetration in a single pass. Figure 1b shows an example of such welds with a small overlap in the middle. 
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Fig. 1 (a) LAHW illustration showing setup with geometric parameter designations, Frostevarg et al. (2014). (b) Example cross sections made by 
double sided LAHW in 20 mm thick high strength low alloy S420 steel sheets. Samples (i-iii) used ESAB: OK Autrod 13.23 filler wire and (iv) 
used Lincoln: LNM NI1. All samples were welded at 2 m/min using 10-11 kW laser power. For more parameters see the original article by 
Wiklund et al. (2014). 
This setup can unfortunately not be used if manufacturing constrains prohibits the sheets from being reached and 
welded from both sides, Le Guen et al. (2011). Hot cracking is another imperfection that can occur when welding 
thick sections, Lippold et al. (2011). Austenitic stainless steels are especially susceptible to hot cracking if 
solidification is mostly austenitic, Kujanpää (2014). 
2.2. Laser material deposition and laser welding with wire 
Another possible candidate for welding or joining thick metal sheets is LMD, with the prospect of being able to fill 
a deep gap from the bottom up in multiple passes. LMD is an additive manufacturing process that feed material onto 
a substrate where a laser beam melts the deposited material, fusing it to already solid material, Heralić et al. (2012), 
Lewis and Schlienger (2000), Song et al. (2014) and Syed et al. (2006). There are a number of different names used 
for LMD techniques, such as Laser Solid Forming (LSF), Song et al. (2014), and Direct Metal Deposition (DMD), 
Lewis and Schlienger (2000). LMD commonly uses one of two configurations, powder or wire based, but 
combinations of the two have also been explored by e.g. Syed et al. (2006). Powder based LMD means that powder 
is blown through a nozzle onto the substrate where it is melted by a laser, according to Lewis and Schlienger (2000), 
illustrated in Fig. 2. Near-coaxial nozzles are commonly used to feed the powder to the laser process region, Fig 2a, 
but can also be blown onto the substrate with an angular offset from the laser beam, Fig 2b.  
Wire based LMD, illustrated in Fig. 3 is when a wire is fed onto the substrate by wire feeder, Heralić et al. (2012). 
Wire based LMD has higher deposition efficiency and has been observed to give slightly less porosity than powder 
based LMD, Syed et al. (2005). It is therefore feasible that wire based LMD is better suited for joining thick metal 
sheets, due to the increased complexity of delivering deposited metal powder to the bottom of a gap while avoiding 
premature fusion to gap walls. 
 
 
 
 
 
 
 
 
 
Fig. 2 Illustration of powder based LMD (a) setup configuration, K. Zhang et al. (2014) and (b) process  close-up, Kaplan and Groboth (2001) 
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Fig. 3 Illustration of wire based LMD (a) setup configuration and (b) process  close-up, Heralić et al. (2012) 
2.2.1. Cold-wire laser welding  and deposition 
Cold-wire laser processes deposits filler material by feeding a wire into the process zone. CWLW and LMD with 
cold wire have many similarities. Both processes have a large number of sensitive parameters, as observed by Syed 
and Li (2005). Trailing or leading wire affects the weld morphology differently, according to both Syed et al. (2005) 
and Yu et al. (2013). The addition of a filler wire to single pass laser welding increases the gap bridging capabilities 
of the process, Dilthey et al. (1995), Kong et al. (2013) and Sun and Kuo (1999). By welding multiple passes to fill a 
gap from the bottom up with CWLW significantly thicker sheets can be welded, as researched by Yu et al. (2013) and 
Zhang et al. (2011), Schedewy et al. (2012). Figure 4 illustrates cross sections comparing single- and multi-pass 
CWLW and also the gap filling principle of multi-pass welding, Figs. 4d and 5a. Parameters such as wire feed rate, 
angle, position, and laser power influences which type of deposition mode is achieved, according to sources such as 
Jae Do Kim and Peng (2000), Miranda et al. (2008), Tao et al. (2013) and Y. Yu et al. (2013). There are three primary 
types of wire deposition: plunged (wire is extruded into melt pool), surface tension (continuous molten metal bridge) 
and globular (big droplet). The plunging mode feeds the wire into the melt pool, as illustrated in Fig. 5b. By having 
the wire melted by the heat inside the melt pool rather than directly by the laser beam, a slightly more robust process 
is achieved, Jae Do Kim and Peng (2000). The surface tension transfer mode is when the melt of the wire is connected 
and transferred to the melt pool in a continuous stream, R. Li et al. (2014) and Y. Yu et al. (2013), illustrated in Fig. 
5c. This is a delicate mode with a small process window but often results in smooth welds, Y. Yu et al. (2013). The 
globular transfer mode, also illustrated in Fig. 5c, is when a large droplet of molten metal forms at the tip of the wire 
and subsequently falls into the melt. This mode often occurs when the wire is positioned too far  into the laser beam, 
Miranda et al. (2008). To ensure a beneficial deposition mode the laser beam should cover the full width of the wire. 
By defocusing the beam or rapidly oscillating it the desired width can be achieved, as mentioned by Torkamany et al. 
(2015). The melting front of the wire can sometimes reflect a fraction of the laser, in turn affecting welding quality. 
The amount of reflection depends on factors such as wire feed rate and laser power, according to Salminen (2010). 
 
 
 
 
 
 
 
 
 
 
Fig. 4 CWLW single and multi-pass cross sections, (a) single pass in 3 mm thick mild steel sheet, Sun and Kuo (1999), (b) multi pass in 17 mm 
thick mild steel sheet, Y. C. Yu et al. (2013), (c) multi pass welding in 45 mm thick aluminium sheet, Schedewy et al. (2012). (d) principle 
illustration of multi-pass welding with CWLW, Schedewy et al. (2012) 
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Fig. 5 Filling a gap bottom up with deposited material and different deposition modes. (a) Illustration of procedure, Schedewy et al. (2012), (b) 
plunged wire deposition, Phaoniam et al. (2013), (c) left: surface tension transfer, right: globular transfer, Miranda et al. (2008) 
Imperfections that can occur in CWLW are primarily pores, lack of fusion or hot cracks, pending on factors such 
as too high or low input heat and gas flow. Lack of fusion can generally be avoided by increasing the input power, Y. 
C. Yu et al. (2013). It is also suggested that hot cracking can be counteracted by using filler wire with a high silicon 
content, Vollertsen et al. (2013). 
2.2.2. Hot-wire laser  welding and deposition 
By pre-heating the wire by e.g. running an electric current through it, the efficiency of the laser welding and 
deposition processes can be improved, according to Wei et al. (2015). Less power is needed to melt the added wire, 
yielding a number of advantages; reduced laser power, Wei et al. (2015), increased gap tolerance, Ohnishi et al. (2013), 
and deeper weld penetration depth, Xiao et al. (2005). Liu et al. (2014) have observed that the welding voltage has a 
high impact on welding results. As the voltage and the current increases so does the wire melting rate, shown in Fig. 
6a. When the voltage is high enough the weld is disturbed by current fluctuation and spatter occurs. This is probably 
due to uncontrolled arching that increases line energy leading to excessive melting, but this has yet to be confirmed. 
Figure 6b shows a good weld and Fig. 6c shows a weld result where the voltage was too high. This indicates that using 
a hot wire contributes to a more homogenous weld, but consequently also adds to higher process complexity with 
added parameters to concern. Hot wire can also be achieved by other means not here evaluated, e.g. conduction 
heating. There is an advantage to simply use standard welding equipment with both wire feeding and heating already 
combined, even if the wire heating can be more precisely controlled otherwise, Gedda (2000). 
Fig. 6 (a) Effect of increasing voltage on the filler wire, (b) Hot-Wire Laser Welding sample weld morphology using 7V and (c) 9V, Liu et al. 
(2014). Both (b) and (c) used a laser power of 4 kW, a welding speed of 5 mm/s, a wire-feeding angle of 55°, a wire-feeding speed of 60 mm/s, 
and a gap of 1mm. AISI A36 steel plates and a ER70S-6 filler wire with a diameter of 1 mm was used. 
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3. Preliminary evaluation of a novel hot-wire laser welding method 
The literature study shows that there are great possibilities for using multi-pass HWLW to join thick metal sheets, 
but is quite sensitive to wire and laser positioning. In an attempt to reduce those drawbacks and improve the weld 
robustness, a novel setup the process has been designed. Preliminary results have briefly been evaluated by using High 
Speed Imaging (HSI) and macroscopy. 
3.1. Experimental setup 
For these early experiments a 15 kW fiber laser was used together with a Fronius GMAW welding source with 
adapted settings to produce a hot wire using a constant voltage. The wire is positioned in a leading position with a 
given distance between wire and laser spot centers. The work piece acted as the ground for the GMAW welding 
source. An illustration of the process mechanics, wire and laser positioning are shown in Fig. 7a. The base material 
for sample 1 was AR 400 and S355J+N was used for sample 2. A Lincoln SupraMIG Ultra (ER70S-6) wire was used 
for sample 1 and an ESAB OK Autrod 12.64 wire was used for sample 2. The wire is shown to alternate in position 
to illustrate the process robustness even though the wire could oscillate. A Motoman 6-axis industrial robot was used 
for positioning and welding movement. The laser beam was defocused to give a larger welding spot size, with the 
focal point above the gap floor. This allows the laser to heat the full bottom width of the gap, or on the previous weld 
in following passes. Since the beam waist was shifted upwards, the beam would be able to reach the bottom of gap 
when welding excessively thick sheets. The work piece setup, illustrated in Fig. 7b consisted, of a bottom plate for 
the gap floor and one to two pair of sheets for the gap walls with a 3 mm gap in-between. By having vertical edges, 
this setup allows the geometrical conditions to remain constant for multiple weld passes. Welding parameters for each 
pass from bottom up are presented in Table 1, where Mison 18 was used as shielding gas. Note that the sample settings, 
especially voltage, differ slightly between the weld passes. 
 
Table 1. Welding parameters 
Sample #  1 2 
Laser power [kW] 5 6 
Spot size [Ø mm] 6.5 4.0 
Travel speed [m/min] 0.5 1.0 
Protection Gas flow [l/min] 35 40 
Wire feeding angle [°] 60 56 
Distance Laser-Arc (see Fig. 1 (a))  [mm] 1 0 
Wire diameter  [mm] 1.2 1.0 
Wire feed rate  [m/min] 6 7 
Average wire current [A] 130 80-90 
Average wire voltage [V] 7 & 12 6-7 
 
 
 
 
 
 
Fig. 7 (a) Illustration of the laser welding process with oscillating wire plunged into melt pool, (b) setup of the joint with a 3mm gap and 7 mm 
thick plates. 
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3.2. Preliminary experimental results and discussion/conclusion 
Preliminary results show that this novel HWLW setup with plunged wire is capable of depositing relatively large 
quantities of metal into the gap, producing up to 5 mm thick welds in a single pass, shown in Fig. 8a. HSI observation 
gave indications that having a large spot size improves the process robustness. This is because the gap walls are 
partially melted so that lack of fusion can be avoided. Initially the wire oscillated slowly. This was not intentional but 
since the wire was extruded into the melt pool it could be melted indirectly even when it was fed off-center into the 
beam, illustrated in Fig. 7a. The oscillation of the wire was due to unfavorable configuration of the weld torch, also 
visible in HSI, Fig 8c. This however resulted in a stirring-like motion in the melt pool, which may warrant additional 
investigation. The addition of electric current through the wire contributes to some unexpected phenomenon, e.g. 
when the voltage is too high, shifting to globular drop transfer including arcing occurs, instead of the intended 
plunging, Fig. 8d. This also results in excessive melting of the melt walls, Fig. 8a. Weld imperfections observed are 
primarily hot cracks, shown in the cross sections in Fig. 8a-b. These were partially melted in subsequent passes, 
indicated in Fig. 8b. When welding the uppermost and final pass hot cracks were often avoided, Fig. 8b. This indicates 
a possibility for avoiding or “repairing” hot cracks by using proper setup and parameters. Continued evaluation of this 
novel technique is warranted. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Macroscopy with weld morphology of (a) sample 1 and (b) sample 2. (c) HSI showing the melt front with designations and (d) appearance 
of globular melt transfer with a visible arc 
References 
Dilthey, U., Fuest, D., Scheller, W., 1995. Laser welding with filler wire. Opt. Quantum Electron. 27, 1181–1191. 
Engström, H., Nilsson, K., Flinkfeldt, J., Nilsson, T., Skirfors, A., Gustavsson, B., 2001. Laser Hybrid Welding of High Strength Steels. In Proc. 
ICALEO 2001, LIA (Orlando, FL) (pp. 125–134). 
Frostevarg, J., Kaplan, A. F. H., Lamas, J., 2014. Comparison of CMT with other arc modes for laser-arc hybrid welding of steel. Weld. World 
58, 649–660. 
Gedda, H., 2000. Laser surface cladding: a literature survey. Retrieved from http://epubl.luth.se/1402-1536/2000/07/index-en.html 
Gu, X., Li, H., Yang, L., Gao, Y., 2013. Coupling mechanism of laser and arcs of laser-twin-arc hybrid welding and its effect on welding process. 
Opt. Laser Technol. 48, 246–253. 
Hann, D. B., Iammi, J., Folkes, J., 2011. A simple methodology for predicting laser-weld properties from material and laser parameters. J. Phys. 
D. Appl. Phys. 44, 445401. 
Heralić, A., Christiansson, A.-K., Lennartson, B., 2012. Height control of laser metal-wire deposition based on iterative learning control and 3D 
scanning. Opt. Lasers Eng. 50, 1230–1241. 
Kah, P., 2012. Overview of the exploration status of laser-arc hybrid welding processes. Rev. Adv. Mater. Sci. 30, 112–132. 
Kaplan, A. F. H., Groboth, G., 2001. Process Analysis of Laser Beam Cladding. J. Manuf. Sci. Eng. 123, 609. 
Karadeniz, E., Ozsarac, U., Yildiz, C., 2007. The effect of process parameters on penetration in gas metal arc welding processes. Mater. Des. 28, 
649–656. 
Khan, M. M. A., Romoli, L., Dini, G., 2013. Laser beam welding of dissimilar ferritic/martensitic stainless steels in a butt joint configuration. 
Opt. Laser Technol. 49, 125–136. 
Kim, J. Do, Peng, Y., 2000. Plunging method for Nd:YAG laser cladding with wire feeding. Opt. Lasers Eng. 33, 299–309. 
Kim, J., Ki, H., 2014. Scaling law for penetration depth in laser welding. J. Mater. Process. Technol. 214, 2908–2914. 
Klein, T., Vicanek, M., Simon, G., 1999. Forced oscillations of the keyhole in penetration laser beam welding. J. Phys. D. Appl. Phys. 29, 322–
332. 
Kong, F., Liu, W., Ma, J., Levert, E., Kovacevic, R., 2013. Feasibility study of laser welding assisted by filler wire for narrow-gap butt-jointed 
plates of high-strength steel. Weld. World 57, 693–699. 
Kujanpää, V., 2014. Thick-section Laser and Hybrid Welding of Austenitic Stainless Steels. Phys. Procedia 56, 630–636. 
254   J. Näsström et al. /  Physics Procedia  78 ( 2015 )  247 – 254 
Le Guen, E., Fabbro, R., Carin, M., Coste, F., Le Masson, P., 2011. Analysis of hybrid Nd:Yag laser-MAG arc welding processes. Opt. Laser 
Technol. 43, 1155–1166. 
Lewis, G. K., Schlienger, E., 2000. Practical considerations and capabilities for laser assisted direct metal deposition. Mater. Des. 21, 417–423. 
Li, G., Zhang, C., Gao, M., Zeng, X., 2014. Role of arc mode in laser-metal active gas arc hybrid welding of mild steel. Mater. Des. 61, 239–250. 
Li, R., Wang, T., Wang, C., Yan, F., Shao, X., Hu, X., Li, J., 2014. A study of narrow gap laser welding for thick plates using the multi-layer and 
multi-pass method. Opt. Laser Technol. 64, 172–183. 
Lippold, J., Böllinghaus, T., Cross, C. E., 2011. Hot Cracking Phenomena in Welds III. Springer Science & Business Media. 
Liu, W., Liu, S., Ma, J., Kovacevic, R., 2014. Real-time monitoring of the laser hot-wire welding process. Opt. Laser Technol. 57, 66–76. 
Matsunawa, A., Kim, J.-D., Seto, N., Mizutani, M., Katayama, S., 1998. Dynamics of keyhole and molten pool in laser welding. J. Laser Appl. 
10, 247. 
Medrano, A., Folkes, J., Segal, J., Pashby, I., 2008. Fibre laser metal deposition with wire: parameters study and temperature monitoring system. 
Proc. SPIE 7131, 713122–713122–7. 
Miranda, R. M., Lopes, G., Quintino, L., Rodrigues, J. P., Williams, S., 2008. Rapid prototyping with high power fiber lasers. Mater. Des. 29, 
2072–2075. 
Ohnishi, T., Kawahito, Y., Mizutani, M., Katayama, S., 2013. Butt welding of thick, high strength steel plate with a high power laser and hot wire 
to improve tolerance to gap variance and control weld metal oxygen content. Sci. Technol. Weld. Join. 18, 314–322. 
Phaoniam, R., Shinozaki, K., Yamamoto, M., Kadoi, K., Tsuchiya, S., Nishijima, A., 2013. Development of a highly efficient hot-wire laser 
hybrid process for narrow-gap welding—welding phenomena and their adequate conditions. Weld. World 57, 607–613. 
Powell, J., Ilar, T., Frostevarg, J., Torkamany, M. J., Na, S.-J., Petring, D., Zhang, L., Kaplan, A. F. H., 2015. Weld root instabilities in fiber laser 
welding. J. Laser Appl. 27, S29008. 
Qi, X.-D., Liu, L.-M., 2011. Investigation on Welding Mechanism and Interlayer Selection of Magnesium / Steel Lap Joints. Weld. J. 
Salminen, a., 2010. The filler wire - Laser beam interaction during laser welding with low alloyed steel filler wire. Mechanika 84, 67–74. 
Santos, E. C., Shiomi, M., Osakada, K., Laoui, T., 2006. Rapid manufacturing of metal components by laser forming. Int. J. Mach. Tools Manuf. 
46, 1459–1468. 
Schedewy, R., Dittrich, D., Brenner, B., Beyer, E., 2012. Multi-Pass-Narrow-Gap-Laser-Beam-Welding of hot crack sensitive aluminum plates. 
Opt. Lasers Eng. 50, 1230–1241. 
Song, M., Lin, X., Yang, G., Cui, X., Yang, H., Huang, W., 2014. Influence of forming atmosphere on the deposition characteristics of 2Cr13 
stainless steel during laser solid forming. J. Mater. Process. Technol. 214, 701–709. 
Suga, T., Murai, Y., Kobashi, T., Ueyama, T., Era, T., Ueda, Y., Sato, M., Hara, N., 2013. Research On Laser-Arc Hybrid Welding Of Ht780 
Steel. Weld. World 56, 105–118. 
Sun, Z., Kuo, M., 1999. Bridging the joint gap with wire feed laser welding. J. Mater. Process. Technol. 87, 213–222. 
Sun, Z., Salminen,A.S., 1997. Current Status of Laser Welding with Wire Feed. Mater. Manuf. Process. 12, 759–777. 
Syed, W. U. H., Li, L., 2005. Effects of wire feeding direction and location in multiple layer diode laser direct metal deposition. Appl. Surf. Sci. 
248, 518–524. 
Syed, W. U. H., Pinkerton, A.J., Li, L., 2005. A comparative study of wire feeding and powder feeding in direct diode laser deposition for rapid 
prototyping. Appl. Surf. Sci. 247, 268–276. 
Syed, W. U. H., Pinkerton, A.J., Li, L., 2006. Combining wire and coaxial powder feeding in laser direct metal deposition for rapid prototyping. 
Appl. Surf. Sci. 252, 4803–4808. 
Tao, W., Yang, Z., Chen, Y., Li, L., Jiang, Z., Zhang, Y., 2013. Double-sided fiber laser beam welding process of T-joints for aluminum aircraft 
fuselage panels: Filler wire melting behavior, process stability, and their effects on porosity defects. Opt. Laser Technol. 52, 1–9. 
Torkamany, M. J., Kaplan, A. F. H., Ghaini, F. M., Vänskä, M., Salminen, A., Fahlström, K., Hedegård, J., 2015. Wire deposition by a laser-
induced boiling front. Opt. Laser Technol. 69, 104–112. 
Wei, H., Zhang, Y., Tan, L., Zhong, Z., 2015. Energy efficiency evaluation of hot-wire laser welding based on process characteristic and power 
consumption. J. Clean. Prod. 87, 255–262. 
Wiklund, G., Akselsen, O., Sørgjerd, A. J., Kaplan, A. F. H., 2014. Geometrical aspects of hot cracks in laser-arc hybrid welding. J. Laser Appl. 
26. 
Vollertsen, F., Buschenhenke, F., Seefeld, T., 2013. Reduction of Hot Cracking in Laser Welding using Hypereutectic AlSi Filler Wire. Weld. 
World 52, 3–8. 
Xiao, R., Zuo, T., Leimser, M., Huegel, H., 2005. Hybrid Nd:YAG laser beam welding of aluminum in addition with an electric current. 
Photonics Asia 2004 195–201. 
Yu, Y. C., Yang, S. L., Yin, Y., Wang, C. M., Hu, X. Y., Meng, X. X., Yu, S. F., 2013. Multi-pass laser welding of thick plate with filler wire by 
using a narrow gap joint configuration. J. Mech. Sci. Technol. 27, 2125–2131. 
Yu, Y., Huang, W., Wang, G., Wang, J., Meng, X., Wang, C., Yan, F., Hu, X., Yu, S., 2013. Investigation of melting dynamics of filler wire 
during wire feed laser welding. J. Mech. Sci. Technol. 27, 1097–1108. 
Zhang, K., Wang, S., Liu, W., Shang, X., 2014. Characterization of stainless steel parts by Laser Metal Deposition Shaping. Mater. Des. 55, 104–
119. 
Zhang, M., Chen, G., Zhou, Y., Liao, S., 2014. Optimization of deep penetration laser welding of thick stainless steel with a 10kW fiber laser. 
Mater. Des. 53, 568–576. 
Zhang, X., Ashida, E., Tarasawa, S., Anma, Y., Okada, M., Katayama, S., Mizutani, M., 2011. Welding of thick stainless steel plates up to 50 mm 
with high brightness lasers. J. Laser Appl. 23, 022002. 
